ABSTRACT Non-orthogonal multiple access (NOMA) and device-to-device (D2D) communications are promising technologies for 5G cellular networks. In this paper, we investigate the impact of the integration of D2D communications with a downlink NOMA system. In a cluster of two cellular users and a D2D pair, we extract power control strategies for the base station (BS), which allow for cellular users to achieve a higher sum rate and higher individual rates in NOMA compared to an orthogonal multiple access (OMA). The D2D link has the same rate in both OMA and NOMA systems in our proposed scheme. We further derive the probability that both users obtain higher rates in NOMA under a fixed power control strategy. We provide numerical results that illustrate the performance of the proposed power control policies and demonstrate the accuracy of the derived closed-form expression for the probability that both cellular users obtain higher rates in NOMA. We also study the effects of the BS transmit power level and the power portion assigned to each user on the probability that both users outperform in NOMA through numerical results.
I. INTRODUCTION
Orthogonal multiple access (OMA) systems, e.g., time division multiple access (TDMA), frequency division multiple access (FDMA), and orthogonal frequency division multiple access (OFDMA), have been employed in cellular networks from 1G to LTE-Advanced. In OMA, users are assigned exclusive resources. Therefore, there is no intracell interference in the system and receivers have low complexity. However, OMA techniques suffer from low spectral efficiency and supporting limited number of users. In an effort to address these drawbacks, non-orthogonal multiple access (NOMA) is under consideration for deployment in 5G systems. In NOMA, multiple users are multiplexed at the same time, frequency, and code resources with different power levels 1 [1] , [2] . This results in co-channel interference (CCI), which is tackled through successive interference cancelation (SIC) at the receiver side. It has been proven that SIC achieves the capacity of degraded broadcast channels [3] , though it leads to a more complex receiver design.
Compared to OMA, NOMA is more successful in establishing a trade-off between system throughput and user fairness. To reach the maximum throughput in OMA, resources are assigned to users with strong channel conditions. This strategy may prevent users with poor channel conditions from transmitting for a long time. NOMA tackles this problem by multiplexing the user with a poor channel condition on the resources assigned to the user with a strong channel condition. While the user with a strong channel contributes to the system throughput, the user with a poor channel is treated fairly.
System-level simulations in [4] show that the downlink NOMA with SIC improves cell throughput and cell-edge performance compared to OMA. In [5] , analytical expressions have been derived for ergodic sum-rate and outage probability in a downlink NOMA scenario, where multiple users have been multiplexed on the same resource. The results indicate that NOMA outperforms OMA in terms of ergodic sum-rate. Under proper power allocation and rate requirements, NOMA also performs better than OMA in terms of outage probability. In [6] , the fact that users with good channel conditions can decode (become aware of) the messages of users with poor channel conditions has been employed and a cooperative strategy has been proposed. The impact of user pairing in NOMA has been studied in [7] . It has been illustrated that pairing users with strong channel conditions with users with poor channel conditions can considerably improve the system sum-rate. Tabassum et al. [8] have established, using a scenario comprising two cellular users, the condition under which individual rates in NOMA are better than those in OMA. Towards more comprehensive scenarios, joint power and channel allocation has been studied in multicarrier NOMA systems in [9] and [10] . In [9] , two cellular users are multiplexed on each carrier, while in [10] , the number of multiplexed users on each subcarrier is also an optimization parameter. Both studies have reported enhanced sum-throughout in NOMA scheme when compared to OMA scheme. NOMA application in multi-cell scenarios has been studied in [11] and [12] , where joint processing and coordinated scheduling/beamforming have been considered for tackling the inter-cell interference (ICI) problem.
The heterogeneous nature of 5G cellular systems requires the performance of NOMA to be investigated in the presence of technologies such as device-to-device (D2D) communications. D2D communications allow proximate cellular users to exchange their traffic directly without passing it through the BS [13] , [14] . D2D pairs can reuse the spectrum band of cellular users [15] . In this case, the system faces mutual interference among cellular and D2D links. The integration of D2D technology into cellular system adds an interference component to multiple access or broadcast channels. Since the capacity-achieving schemes are not known in the resultant channels [11] , [16] , the performance of SIC should be studied in more details. In [17] , the application of NOMA in D2D communications has been investigated. In this work, D2D groups, in which one D2D transmitter communicates with multiple D2D receivers, employ the NOMA protocol. The D2D group reuses the resource of the cellular user in the uplink phase of an OMA system. However, in this paper, we consider a NOMA-D2D system from a different perspective. We investigate the impact of the integration of D2D communications on NOMA-based cellular systems which has not been studied in the literature before to the best of our knowledge. Our contributions can be summarized as follows:
• We derive the power allocation strategies that cause a downlink NOMA system, comprising two cellular users and a D2D pair, to outperform the OMA scheme in terms of individual rates and the sum-rate of cellular users.
• Under a fixed power allocation strategy, we extract an analytical expression for the probability that the rates of cellular users in NOMA exceed the rates of cellular users in OMA.
• We provide simulation results showing that under the proposed power control strategies, cellular users achieve higher sum-rates and higher individual rates in the NOMA scheme. The results also indicate the probability that both cellular users obtain higher rates in NOMA depends on the power level of the BS and the power portions assigned to users. Moreover, we demonstrate that the analytical results coincide with the numerical results. 
II. SYSTEM MODEL
We consider a downlink scenario, in which two cellular users (CUs) and a D2D pair, including a D2D transmitter (D2D-TX) and a D2D receiver (D2D-RX), are clustered to share a spectrum band. Fig. 1 illustrates the system model. The cellular users access the spectrum based on a multiple access protocol, which is either OMA or NOMA. The D2D pair reuses the cellular spectrum band. We assume that OMA is realized through a TDMA strategy, where the BS transmits to CUs in equal disjoint time slots using the full spectrum band. The D2D pair reuses the spectrum band in both time slots. Under the OMA protocol, receivers treat the interference as noise and employ match-filter detection. Consequently, the SINR of CU i is defined as follows:
where i ∈ {1, 2}. h c i b and h c i d indicate the normalized channel gains between the BS and CU i and between D2D-TX and CU i, respectively. The channel gains are normalized by the noise power. We assume that D2D and cellular receivers have the same sensitivity [18] . p b is the transmit power of the BS, and p d is the transmit power of the D2D transmitter. The SINR of the D2D pair is:
where h dd and h db denote the normalized channel gain between D2D-TX and D2D-RX and the normalized channel gain between the BS and D2D-TX, respectively. The spectral efficiency of the cellular user and D2D pair are defined based on the Shannon formula, respectively as follows:
The time duration is considered unity, and it is assumed that the D2D pair operates in both time slots. Therefore, the prelog factor 1/2 does not appear in (4). In the NOMA protocol, the BS superposes the messages of CUs. Part of the total power budget is allocated to each message, and the BS broadcasts the superimposed message. The D2D pair transmits concurrently on the cellular resources. Consequently, CU i receives the following signal:
where x i and x j show the intended messages for CU i and CU j, respectively. x d represents the D2D transmitted message. Each CU receives the signals intended for the other CU and the signals of the D2D-TX, in addition to its own signals. The BS allocates α i percentage of its power budget to CU i, and
and ρ c i b are small-scale fading and path-loss coefficients of the link between BS and CU i, respectively, i.e.,
Further, we have
We denote the complex additive white Gaussian noise (AWGN) at CU i by z i ∼ CN (0, σ 2 ). The D2D-RX collects the following signal:
where
and z d ∼ CN (0, σ 2 ). CUs can employ interference cancelation to cancel the message addressed to the other CU. However, CUs and D2D-RX do not apply interference cancelation to cancel the received interference from D2D-TX and BS, respectively. Rather, they treat the interference as noise. This strategy reduces the overhead of gathering necessary information for interference cancelation in the system. Moreover, power saving and security concerns are reasonable motivations for not allowing interference cancelation in D2D mode.
Let γ c ij and γ c jj define the SINR at CU i when it detects the messages of the CU j, and the SINR at CU j, when it detects its own messages, respectively:
and
By applying Eq. (1) and some manipulation, we have
To assure that CU i can successfully detect the messages of CU j with an arbitrarily small probability of error, CU i must have a better SINR condition than CU j considering the messages intended for CU j i.e. γ c ij > γ c jj [3] . This condition can be equivalently expressed as γ c i ≥ γ c j .
We assume that CUs are aware of the channel state information (CSI), power allocation factor and order of OMA-scheme SINRs. This information can be fed back from the BS. Subsequently, CU i subtracts the CU j interference and treats the interference from the D2D-TX side as noise. Upon perfect interference cancelation, the rate of CU i is derived based on Eq. (5) as follows:
The rate for CU j, which does not perform interfere cancelation, is:
where i, j ∈ {1, 2}. The D2D-RX receives the same level of interference in OMA and NOMA schemes. Therefore, the rate of the D2D pair in the NOMA scheme is derived according to Eq. (4).
III. PERFORMANCE OF NOMA-D2D SYSTEMS WITH POWER CONTROL
In this section, we extract the conditions under which the NOMA scheme outperform the OMA scheme in terms of individual rates and sum-rate of CUs. Lemma 1: The CUs achieve higher rates in NOMA than in OMA as long as the power allocation factor meets the following condition:
Proof: Without loss of generality, we assume that γ c 1 > γ c 2 . In order to find the condition under which CU 1 outperforms in NOMA compared to OMA, we assert that R c 1 :NOMA > R c 1 :OMA . We replace the rates that we derived in Eqs. (7) and (3) to obtain the following inequality log(1 + α 1 γ c 1 ) > 0.5 log(1 + γ c 1 ).
After some manipulation, we can obtain an equivalent relation: to have a positive quadratic polynomial as it is expressed in Eq. (11), the following condition must hold:
We repeat the same procedure for CU 2. Based on Eqs. (8) and (3), we have
or, equivalently
Eq. (14) confirms that CU 1, with a better SINR condition, i.e., γ c 1 > γ c 2 , should be allocated less power. If α 1 > 1 2 , Eq. (14) cannot be met, and CU 2 can never perform better in NOMA. With the assumption that α 1 < 1 2 , the throughput gain of CU 2 in NOMA is guaranteed if
It is straightforward to check that f (x) = −1+ √ 1+x x is a decreasing function. Moreover, we have assumed that γ c 1 > γ c 2 . Therefore, as far as the inequality
holds, the performance of CUs in NOMA is superior to that in OMA. A similar proof can be presented for the case that γ c 2 > γ c 1 . Lemma 2: CUs achieve a higher sum-rate in NOMA than in OMA as long as the power allocation factor meets the following condition:
Proof: We assume that γ c 1 > γ c 2 . We are interested in the condition at which
This inequality can be expressed in the form:
The quadratic is positive when
A similar proof can be presented for the case of γ c 2 > γ c 1 .
The power allocation policy leading to higher individual rates in NOMA is also a power control scheme for reaching an improved NOMA sum-rate. However, the converse is not true. This can be verified by comparing Eq. (17) and Eq. (9) and noting that f (x) is a decreasing function.
IV. PERFORMANCE OF NOMA-D2D SYSTEMS WITH FIXED POWER ALLOCATION
In this part, we assume that the BS employs a fixed power allocation policy i.e., a smaller portion of BS power is assigned to the CU with higher SINR in OMA. We extract the probability that both CUs obtain throughput gain in NOMA.
Lemma 3: The probability that both cellular users achieve higher rates in NOMA than in OMA is:
, and α denotes the portion of the BS power assigned to the CU with the higher OMA-scheme SINR.
Proof: We proceed based on an independently distributed Rayleigh assumption, implying that the random vari- [19] :
In the case of c 1 > c 2 , R c 1 :NOMA > R c 1 :OMA holds when c 1 > χ (α), according to Eq. (11) . Additionally, to have R c 2 :NOMA > R c 2 :OMA , the condition c 2 < χ(α) must be met based on Eq. (14) . Similarly, c 2 > χ(α) and c 1 < χ(α) are necessary and sufficient conditions, respectively, for R c 2 :NOMA > R c 2 :OMA and R c 1 :NOMA > R c 1 :OMA when c 1 < c 2 . Consequently, we have:
Since c 1 and c 2 are independent random variables, we further have: and
(23) Based on the relations expressed in Eqs. (21), (22), and (23) and Remark 1, the probability that both CUs obtain higher rates in the NOMA scheme is derived as follows:
V. NUMERICAL RESULTS
In this section, we provide simulation results to study the performance of the NOMA-D2D system and evaluate the accuracy of the analytical results. The simulation parameters are listed in Table 1 . First, we study how the power control improves the performance of the NOMA scheme. CU 1 and CU 2 are fixed at the distances of r 1 = 90 m and r 2 = 100 m from the BS, respectively. The D2D-TX position varies on a semicircle with radius r 1 +r 2 2 , where CU 1 and CU 2 are located at the corner points. In each step, the D2D-TX moves π 20 radians. The channel gains are expressed in terms of pathloss according to Table 1 [20] . Fig. 2 illustrates the spectral efficiency of the CUs in both NOMA and OMA schemes as the position of the D2D transmitter varies. The results demonstrated in Fig. 2a are obtained by employing a power control based on Lemma 1, i.e.,
As is evident in the figure, both CUs obtain higher spectral efficiency in NOMA than in OMA. However, NOMA gain is more significant for the user performing interference cancelation. With a change in D2D-TX position, the interference level received by the CUs varies in reverse order. Therefore, as γ c 1 increases, γ c 2 decreases, and vice versa. For the set of positions of D2D-TX denoted by {θ i |i = 1 : 9} in the figure, it can be observed that γ c 1 < γ c 2 . This means that CU 2 performs interference cancelation, and rate improvement is higher for this user on these occasions. Fig. 2b illustrates the rates of CUs under a fixed power control policy. The power allocation factor has been set to the average values of α obtained based on Eq. (25) in the previous step. As D2D-TX moves on the semicircle, γ c 1 and γ c 2 vary and (16) might not be met for a fixed power allocation factor. Therefore, the rate improvement can be achieved for only one of CUs at some D2D-TX positions. in the NOMA scheme has been set according to Lemma 2 as follows:
As the figure indicates, the power control has resulted in an improved sum-rate for CUs in the NOMA scheme. As the D2D-TX reaches position θ 9 , where the value of γ c 1 becomes close to the value of γ c 2 , NOMA and OMA schemes show the same performance. This fact is also visible in Fig. 2a , which shows the individual rates of CUs based on the power allocation policy in Eq. (25).
In the next step, we study the probability that both CUs obtain higher rates in NOMA under a fixed power allocation policy. Fig. 4a illustrates the probability curve versus power allocation factor (α) for different sets of parameters, i.e., λ x , λ y , λ u , λ v . The parameters λ x and λ u are inversely proportional to the distance (path-loss) of CU 1 and CU 2 from the BS, respectively. The parameters λ y and λ v are proportional to the path-loss between D2D-TX and CU 1 and that between D2D-TX and CU2, respectively (see Lemma 3) . The curves are plotted based on the analytical expression derived for the probability in Eq. (18) . As the figure indicates, the probability that both CUs obtain higher rates in NOMA is dependent upon the power allocation factor. From Eq. (18), it is inferred that high distinction between exponential parameters, λ x and λ u , can lead to either f 1 
acquiring the dominant probability value. In this case, the minimum value between λ x and λ u can determine the dominant term and the smaller it is, the higher the probability is that both CUs outperform in NOMA. As the figure shows, the probability that both cellular users obtain NOMA gain increases as CU 1 becomes closer to the BS. When CU 1 is at r 1 = 30 m from the BS, the probability is the highest for most α values. FIGURE 5. Probability that both cellular users achieve higher rates in NOMA. Fig. 5 presents the probability that both users achieve higher rates in the NOMA scheme versus BS transmit power for different power allocation factors. For α = 0.1, the probability rises slightly as the BS power increases. For α = 0.25, the probability demonstrates concave behavior. For α = 0.45, the probability declines with increasing BS transmit power. According to the results, the increase of BS transmit power may increase or decrease the probability that both CUs outperform in NOMA based on the power allocation factor.
VI. CONCLUSION
In this paper, we have studied the integration of a D2D connection to a downlink two-user NOMA system. We have proposed two power allocation strategies for the BS, which cause VOLUME 6, 2018 cellular users to achieve a higher sum-rate and higher individual rates in a NOMA-D2D system than in an OMA-D2D system. We have also extracted a closed-form expression for the probability that both users obtain higher rates in NOMA than in OMA under a fixed power allocation strategy. Our numerical results have illustrated that cellular users outperform in NOMA in terms of sum-rate and individual rates under the proposed power allocation policies. The numerical results have also indicated the accuracy of analytical expression of the probability that both users obtain higher rates in NOMA. Finally, the results have revealed that the probability may rise or decline based on the BS transmit power level and the power portion assigned to each cellular user.
